U
nder physiological conditions, the commensal intestinal bacteria induce tolerance responses and trigger the maintenance of immune homeostasis (1) . Altered immune responses are among the elements related to the pathogenesis of inflammatory bowel disease (IBD), and mounting evidence indicates that the NF-B signaling pathway plays a major role in inflammatory responses, making the pathway a potential target in therapy (2) . NF-B, initially sequestered in the cytoplasm and whose release upon activation of the signaling cascade allows free NF-B translocation into the nucleus, plays the role of a transcriptional regulator of genes involved in inflammatory processes (3) . Some strains belonging to Lactobacillus and Bifidobacterium species have been shown to reduce inflammatory responses, including NF-B activation and interleukin 8 (IL-8) production, in various models of intestinal epithelial cells (IECs) (4) (5) (6) . Moreover, some lactobacilli and bifidobacteria are able to induce anti-inflammatory cytokines in human peripheral blood mononuclear cells (PBMCs) in vitro (7) . These NF-B or cytokine modulation capacities established in vitro have been correlated with anti-inflammatory effects in vivo. Indeed, daily oral administration of specific strains attenuated inflammation in mice, as shown using experimental models of colitis induced by trinitrobenzene sulfonic acid (TNBS) or dextran sodium sulfate (DSS) (7) (8) (9) (10) (11) . Strains able to inhibit intestinal inflammation in these models would likely be good candidates to be used as probiotics against intestinal inflammation. Until now, only a small number of human probiotic trials have proved promising in the prevention or treatment of IBD (12) . Favorable effects on irritable bowel syndrome (IBS), remission in patients with mild to moderate ulcerative colitis (UC) or with mild but recurrent pouchitis, have been observed for the probiotic mixture VSL#3, which is composed of eight species of lactic acid-producing bacteria: Lactobacillus plantarum, Lactobacillus delbrueckii subsp. bulgaricus, Lactobacillus paracasei, Lactobacillus acidophilus, Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis, and Streptococcus thermophilus (13) (14) (15) .
Positive clinical outcomes in chronic intestinal inflammation or diarrheal disease were also described for the Gram-negative strain Escherichia coli Nissle 1917, for Lactobacillus reuteri SD2112 or Lactobacillus rhamnosus GG, and for the yeast Saccharomyces boulardii (16) .
Streptococcus salivarius is already established in the human oral cavity a few hours after birth and remains there as a predominant commensal inhabitant. The bacterium also inhabits the stomach and jejunum (17, 18) , suggesting that it plays an important role in oral and digestive tract ecology.
Indeed, several S. salivarius strains isolated from the human pharynx are able to interfere with respiratory pathogens. The S. salivarius TOVE-R strain has been reported to be a successful antagonist of virulent streptococci involved in tooth decay or pharyngitis, such as Streptococcus mutans, Streptococcus sobrinus, and Streptococcus pyogenes (19) , or pathogens involved in periodontitis (20, 21) . The inhibitory activity toward S. pyogenes and Streptococcus pneumoniae has been attributed to bacteriocin production (22) (23) (24) . In addition, S. salivarius was found to be able to affect immune responses by inhibiting inflammatory pathways activated by the pathogens, suggesting a role in the modulation of human epithelial cell immune responses (25, 26) . Similarly, S. salivarius strain K12, used for several years in New Zealand as an oral probiotic to prevent colonization with S. pyogenes (24) , affected IL-8 secretion and innate immune response pathways in bronchial and pharyngeal epithelial cells, suggesting a role in human nasopharyngeal immune responses (27, 28) .
Until now, however, the potential of this species in the gastrointestinal tract (GIT) has not been investigated, e,g., in strategies to prevent or treat inflammatory bowel diseases. Recently, we demonstrated that culture supernatants from various S. salivarius strains can display regulatory effects on the NF-B pathway in human IECs. We showed that in vitro anti-inflammatory properties on IECs, as well as immune cells, through inhibition of NF-B activation were triggered by low-molecular-weight metabolites present in the S. salivarius culture supernatants (29) . In the present study, we first investigated the in vitro immunomodulatory properties of various S. salivarius strains by measuring (i) their NF-B repression activity in human IECs and (ii) their cytokine induction potential on human PBMCs. We then evaluated the protective capacity of the most efficient strain in an in vivo colitis mouse model induced by TNBS.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . For both in vitro and in vivo assays, S. salivarius strains were grown in M17 medium supplemented with glucose (0.5g/ liter) at 37°C, as previously described (29) . Thus, the bacterial suspensions grown were collected by centrifugation, washed, and resuspended in RPMI medium or NaHCO 3 -buffered medium at the desired concentration (expressed in CFU/ml). Heat-killed bacteria were prepared by heating bacterial suspensions at 65°C for 20 min. Bacteria were determined to be nonviable by plating on M17 agar, and intactness was verified by staining.
Some bacterial strains were used as reference strains for in vitro immune cell stimulation, as previously described (7) . Lactobacillus salivarius Ls33 was grown under limited aeration at 37°C in MRS medium (Difco), and B. longum BB536 was grown anaerobically in MRS supplemented with 0.5% L-cysteine-hydrochloride (Sigma). Lactococcus lactis MG1363 was grown at 30°C in M17 medium supplemented with 0.5% glucose. Reference strains, as well as S. salivarius strains, were grown until stationary phase, washed, and resuspended in phosphate-buffered saline (PBS) containing 20% glycerol using a portable photometer (Densimat; bioMérieux) to adjust cell density to a McFarland standard of 3 (30) . These standardized bacterial preparations, corresponding to approximately 1 ϫ 10 9 CFU/ml, were stored at Ϫ80°C until further use. Cell culture and analyses of NF-B activation. HT-29 cells (ATCC HTB-38) were grown in RPMI (Sigma) supplemented with 2 mM L-glutamine, 100 IU/ml penicillin, 100 g/ml streptomycin, and 10% heatinactivated fetal calf serum (Lonza) in a humidified 5% CO 2 atmosphere at 37°C.
The regulatory effects of S. salivarius strains were tested as previously described (29) The stimulation time was 6 h for HT-29/B-luc-E cells, and luciferase activity was measured using the Luciferase Assay System (Promega) according to the manufacturer's instructions and quantified as relative luminescence units (RLU). All measurements were performed using a microplate reader (Infinite 200; Tecan). The results are expressed as the relative percentage of NF-B activation compared to the positive control, i.e., cells incubated with RPMI medium and stimulated with the NF-B activator. Cell viability was checked using CellTiter 96 Aqueous One solution (Promega) according to the manufacturer's protocol.
PBMC isolation and induction of cytokine release. PBMCs were isolated from the blood of healthy donors as previously described (7). Briefly, after Ficoll gradient centrifugation (Pharmacia), mononuclear cells were collected, washed in RPMI, and adjusted to 2 ϫ 10 6 cells/ml in RPMI supplemented with gentamicin (150 g/ml), L-glutamine (2 mM), and 10% fetal calf serum. PBMCs (2 ϫ 10 6 cells/ml) were seeded in 24-well tissue culture plates (Corning), and 20 l of the thawed bacterial suspensions, prepared as described above, were added. This resulted in a bacteria-to-cell ratio of approximately 10:1. PBS containing 20% glycerol was used as a negative (nonstimulated) control. On the basis of preliminary time course studies, 24 h stimulation corresponded to the best time point for cytokine responses of bacterially stimulated PBMCs. After 24 h stimulation at 37°C in air with 5% CO 2 , culture supernatants were collected, clarified by centrifugation, and stored at Ϫ20°C until cytokine analysis. Neither medium acidification nor bacterial proliferation was observed. Cytokines were measured by enzyme-linked immunosorbent assay (ELISA), using BD Pharmingen antibody pairs (BD Biosciences) for IL-10, gamma interferon (IFN-␥), and IL-12p70 and R&D Systems human tumor necrosis factor alpha (TNF-␣), according to the manufacturer's instructions (7).
Mice. Seven-week-old female BALB/c mice were purchased from Charles River. Induction of colitis and inflammation scoring. A standardized murine TNBS colitis model was used in which moderate and high levels of inflammation were induced as previously described (31) . Briefly, a 50-l solution of 100 or 130 mg/kg body weight TNBS (Sigma) in 50% ethanol was administered in the colon. Groups of 12 mice were daily given either NaHCO 3 buffer (control mice) or 5 ϫ 10 8 live or heat-killed S. salivarius JIM8772 bacteria intragastrically, starting 4 days before and continuing until the day of TNBS administration. Three days after induction of colitis, the mice were killed, and blood samples were immediately taken and stored in heparinized tubes. After mouse dissection, 2 independent observers blindly scored the macroscopic inflammation of the colon following the Wallace scale as described previously (31) . Two-centimeter-long fragments of the distal colon were collected and frozen at Ϫ80°C for histological analysis; paraffin-embedded 5-m sections stained with May-Grünwald-Giemsa stain were examined under a microscope, and tissue lesions were scored according to the Ameho criteria (32). Additionally, the degree of polymorphonuclear neutrophil infiltration in the distal colon was assessed by quantifying myeloperoxidase (MPO) (a granule enzyme), as reported previously (33) . Myeloperoxidase from human polymorphonuclear neutrophils was used for calibration; 1 enzyme unit degrades 1 mol hydrogen peroxide/min/ml at 25°C.
Statistical analysis. Results were analyzed by the nonparametric Mann-Whitney U test. Differences were judged to be statistically significant when the P value was Ͻ0.05. 
RESULTS

Effect of S. salivarius strains on NF-B activation induced by TNF-␣ in HT-29/kB-luc-E reporter cells.
Recently, Kaci et al. (29) showed that culture supernatant from S. salivarius strains inhibited the NF-B pathway in human IECs. In order to determine whether this property could be carried out by living bacteria, we tested NF-B modulation in HT-29/kB-luc-E reporter cells stimulated by the proinflammatory cytokine TNF-␣ in the presence of live or heat-killed S. salivarius JIM8224, JIM8775, JIM8772, and CIP102503T. The bacterial supernatants of these four strains were previously tested among supernatants from 32 S. salivarius strains that markedly inhibited TNF-␣-stimulated NF-B activation. The JIM8772 and CIP102503T supernatants were described as the most active, with inhibition rates of approximately 70% (29) . On HT-29 human IECs, the four live S. salivarius strains significantly inhibited TNF-␣-induced NF-B activation (ranging from 50% to 80%), while heat-killed bacteria did not (Fig. 1 ). This result illustrates that live S. salivarius strains exerted immunomodulatory effects on IECs in a manner similar to that observed with inhibition of NF-B activation by supernatants of S. salivarius (29) .
Screening of S. salivarius strains on human PBMCs. The anti-inflammatory IL-10 and proinflammatory TNF-␣, IL-12, and IFN-␥ cytokine induction patterns of 4 S. salivarius strains, as well as 3 bacterial reference strains, were measured in human PBMCs (7) ( Table 1 and Fig. 2 ; see Fig. S1 in the supplemental material). The induction of cytokines was highly strain dependent for the 3 reference bacterial strains, as previously described (7). The antiinflammatory B. longum 5336 and L. salivarius Ls33 induced high levels of IL-10 and low levels of IL-12 and IFN-␥ ( Fig. 2; see Fig. S1 in the supplemental material). Conversely, L. lactis MG1363 exhibited a proinflammatory profile, with low levels of IL-10 and high levels of IL-12 and IFN-␥. IL-10, IL-12, and IFN-␥ release patterns were comparable for the four S. salivarius strains and resembled that of L. lactis MG1363, with a smaller amount of the proinflammatory mediator IL-12 for strains JIM8772, CIP102503T, and JIM8224 (Fig. 2) . Less variation occurred for TNF-␣ release for S. salivarius strains and for the reference strains, as previously described by Foligne et al. (7) (see Fig. S1 in the supplemental material).
Thus, in regard to the intrinsic in vitro immunomodulatory capacity of S. salivarius on human PBMCs, we can observe that the four strains investigated present the same cytokine release pattern, close to an "immunostimulatory profile" with low induction of IL-10 and moderate levels of IL-12, IFN-␥, and TNF-␣. The results observed on human PBMCs are not correlated with the immunomodulation properties found with S. salivarius strains that inhibit TNF-␣-stimulated NF-B activation in IECs.
Protection by S. salivarius JIM8772 against colitis in TNBStreated mice. As the in vitro induction of cytokines on human PBMCs did not allow evaluation of the specific potential of each S. salivarius strain, we chose strain JIM8772, for which both fractions, live bacteria and supernatant (29) , were the most efficient inhibitors of NF-B transcriptional activity, for further testing. We first investigated its ability to prevent strong TNBS-induced colitis in BALB/c mice. The Wallace and Ameho scores were used to quantify macroscopic and histological inflammation, respectively, in the colons of mice. Polymorphonuclear neutrophil infiltration was measured in the distal colon by quantification of the MPO activity. In the experiment, intrarectal instillation of TNBS triggered intense inflammation of the distal colon and weight loss (data not shown). Live or heatkilled S. salivarius JIM8772 bacteria were administered daily to mice by the intragastric route for 5 consecutive days before TNBS administration. No significant reduction of weight loss was observed in both S. salivarius groups (live and dead) compared to the TNBS control group (data not shown). The prophylactic administration of live S. salivarius led to a 55% reduction of the macroscopic inflammation score compared to the TNBS control group (Wallace score, 6.2 Ϯ 0.3 versus 2.8 Ϯ 0.6; P Ͻ 0.001) (Fig. 3A and B) . Moreover, we found a 69% reduction of the Ameho score in mice that had received live bacteria compared to the TNBS control group (Ameho score, 4.8 Ϯ 0.3 versus 1.5 Ϯ 0.56; P Ͻ 0.001) (Fig. 3C) . Lastly, tissue MPO activity was reduced in the group of mice fed live S. salivarius (Fig. 3D) .
Histological lesions were observed in TNBS control mice with transmural inflammation and important thickening of the colon wall, characterized by prominent inflammatory infiltrates of mononuclear cells (mainly neutrophils) in the lamina propria, extensive ulceration, and focal epithelial necrosis extending into the muscle layers, in addition to massive goblet cell depletion (Fig. 3E) . Significant histologic improvements were found in the group of mice fed live S. salivarius, with only slight thickening of the submucosa; mild, localized submucosal inflammatory infiltrates; moderate superficial erosions; and the presence of a few crypts with minor hyperplasia, resulting in a well-conserved mucosal architecture more similar to the normal appearance of colons from healthy mice (Fig. 3E) .
In contrast, no significant improvement of colitis (Wallace or Ameho score) and no reduction in tissue MPO was observed in the group fed heat-killed bacteria (Fig. 3A to E) .
We also investigated the anti-inflammatory potential of oral administration of live S. salivarius using a moderate TNBS mouse colitis model. Intrarectal instillation of 100 mg/kg of TNBS triggered moderate inflammation of the distal colon, which was infil- trated by polymorphonuclear neutrophils (Wallace score, 3.2 Ϯ 0.4; MPO activity, 2.9 Ϯ 0.1) (Fig. 4) . Administration of live S. salivarius JIM8772 bacteria led to a 50% reduction of the Wallace score and MPO activity (Wallace score, 1.65 Ϯ 0.5; MPO activity, 0.9 Ϯ 0.2). We confirmed again that oral administration of live S. salivarius bacteria protects against moderate TNBS colitis, in contrast to administration of its heat-killed form (Fig. 4) .
DISCUSSION
There has been an increase in the number of investigations on the role of microbiota in human health and disease. Dysbiosis in the gut microbiota plays an important role in promoting and maintaining inflammation in IBD. In the present study, we have shown that an S. salivarius strain isolated from the oral cavity is able to prevent inflammatory responses both in vitro and in vivo. First, four live S. salivarius strains inhibited in vitro the activation of the NF-B pathway in human intestinal epithelial cells. Second, the live commensal strain S. salivarius JIM8772 significantly inhibited inflammation in a moderate and severe colitis mouse model. It is noteworthy that the in vitro and in vivo anti-inflammatory properties of the live strain were not found with heat-killed S. salivarius, suggesting that the protective response was linked to bacterial physiological and metabolic activities.
In vitro anti-inflammatory properties of several other S. salivarius strains have recently been highlighted using various cellular models. Using different cell lines (gingival, bronchial, pharyngeal, and intestinal epithelial mucosa), it has been shown that NF-B activation and IL-8 production were reduced after stimulation with flagellin from pathogens such as Yersinia enterolitica, Aggregatibacter actinomycetemcomitans, Pseudomonas aeruginosa, and Salmonella enterica subsp. enterica serovar Typhimurium (20, 25, 27, 28) . Although here we described anti-inflammatory properties of S. salivarius on stimulated IECs, we also showed that the immunomodulation properties of these strains were different on immunocompetent PBMCs. This apparent discrepancy suggests that the in vivo anti-inflammatory effects observed may be triggered by the intracellular signaling pathways and the innate immune responses of epithelial cells, rather than by the immunocompetent-cellbased immunity of the host.
To our knowledge, the comparison of cytokine secretion patterns of immune cells, such as dendritic cells, macrophages, and lymphocytes, induced by distinct S. salivarius strains has never been reported. Interestingly, different strains of S. thermophilus, a species phylogenetically closely related to S. salivarius, were shown by Kekkonen et al., as well as by some studies from our laboratory (data not shown), to induce high levels of IL-12 and IFN-␥ on PBMCs (34) . Nevertheless, a preventive effect on inflammation in mice was observed with different S. thermophilus strains (35, 36) . Moreover, Ogita et al. showed that S. thermophilus ST28 repressed IL-17 production and decreased the number of Th17 cells in stimulated murine splenocytes isolated from inflamed intestines (36) . These observations, suggesting that strains from the salivarius group may lack the correlation found in most other lactic acid bacteria (LAB) (7) between the cytokine profile evoked in human immune cells and their in vivo protective effect, are not unique. Foligne et al. have shown that in vitro immune profiling of bacterial and yeast strains on PBMCs is not always predictive of their in vivo protective effect in a mouse colitis model. Indeed, while L. plantarum strain NCIMB8826 induces relatively small amounts of IL-10, it still induces moderate but significant protection levels in a TNBS model (7) . Moreover, the same authors showed that two Saccharomyces strains that had similar immune profiles in vitro performed differently in a colitis model: one strain was protective, whereas the other was not (37) .
Over the past decade, probiotics belonging to different species have been evaluated for their efficacy in the prevention of inflammation. Their beneficial effects on the host were shown to be triggered by different mechanisms. Although some protective effects on epithelial cells require living bacteria, different immune responses have also been described for bacterial supernatants or for dead bacteria (for a review, see reference 38). Dead LAB were shown to have the same potential as live bacteria to modulate IL-8 production and macrophage activation in cellular models or to prevent Salmonella invasion and decreasing proinflammatory mediators in organs of living mice. These observations suggest that active components in killed bacteria could be cell surface components, such as lipoteichoic acid or peptidoglycan from the cell wall (39) (40) (41) , as well as existing metabolites or cell compounds released from the dead cells. In this study, we showed that oral administration of a live S. salivarius strain protects against inflammatory disorders in mice, while administration of dead bacteria does not. As the anti-inflammatory effects of S. salivarius JIM8772 were found in vitro with living bacteria and their culture supernatants, we hypothesize that the in vivo immunomodulatory properties of the strain are mediated by an active compound secreted by S. salivarius. Indeed, we have recently reported that S. salivarius JIM8772 and CIP102503T release a low-molecular-weight soluble factor(s) that significantly reduces the activation of NF-B and IL-8 secretion in intestinal epithelial and immune cell lines (29) . This observation challenged us to investigate the anti-inflammatory properties of the orally administered culture supernatant of S. salivarius JIM8772 in TNBS-treated mice. In these experiments, we observed that culture supernatants, but also the chemically defined medium used as a negative control, were protective (data not shown). While greater protection was found with culture supernatants, further experiments should be performed to confirm this observation. Interestingly, similar data were obtained by Sokol et al., who tested supernatant from a Faecalibacterium prausnitzii culture in a TNBS-induced colitis model and found that the sterile culture medium by itself was also protective (42) . Similarly, B. breve conditioned medium corresponding to secreted soluble factors was shown to downregulate TNBS inflammation in mice by attenuating chemokine production, whereas the effect of the nonconditioned medium by itself was not tested (9) . Our study and previous work suggest that secreted compounds may have protective effects in TNBS-induced inflammation in mice, although further work is needed to clarify the respective effects of the culture media and the secreted metabolites.
In summary, in this study, we addressed for the first time the immunomodulatory properties of S. salivarius strains in vivo and showed their beneficial anti-inflammatory properties. Our study also shows that the products from the metabolic activity of the bacteria are likely essential in these anti-inflammatory responses. The exact mechanism of action, as well as the implications of this ubiquitous commensal in human health, remains to be studied. The facts that a strain of S. salivarius has been used without any safety issues for many years as an oral probiotic against streptococcal pharyngitis and halitosis in New Zealand (24) and that strain K12 received FDA generally regarded as safe (GRAS) status in the United States in 2011 might facilitate the use of other strains of this species as probiotics.
